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METHOD, SYSTEM AND COMPUTER
PROGRAM PRODUCT FOR DESIGNING
SEMICONDUCTOR DEVICE

BACKGROUND

The recent trend in miniaturizing integrated circuits (ICs)
has resulted in smaller devices which consume less power, yet
provide more functionality athigher speeds. The miniaturiza-
tion process has also resulted in stricter design and manufac-
turing specifications. Various electronic design automation
(EDA) tools are developed to generate, optimize and verity
designs for semiconductor devices while ensuring that the
design and manufacturing specifications are met.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments are illustrated by way of
example, and not by limitation, in the figures of the accom-
panying drawings, wherein elements having the same refer-
ence numeral designations represent like elements through-
out. The drawings are not to scale, unless otherwise disclosed.

FIG. 1 is a functional flow chart of at least a portion of a
semiconductor device design process, in accordance with
some embodiments.

FIG. 2 is a schematic, cross-sectional view of a semicon-
ductor device, in accordance with some embodiments.

FIG. 3 is a flow chart of a method of designing a semicon-
ductor device, in accordance with some embodiments.

FIGS. 4A, 4B and 5 are schematic, perspective views of
various semiconductor devices, showing various approaches
to update one or more environment temperatures for simula-
tion purposes, in accordance with some embodiments.

FIG. 6 is flow chart of a method of designing a semicon-
ductor device, in accordance with some embodiments.

FIGS. 7A-7F are schematic plan views of various dies,
showing various approaches to obtain operational tempera-
ture profiles for simulation purposes, in accordance with
some embodiments.

FIG. 8 is a schematic, block diagram of a system for
designing a semiconductor device, in accordance with some
embodiments.

FIG. 9 is a block diagram of a computer system, in accor-
dance with some embodiments

DETAILED DESCRIPTION

It is to be understood that the following disclosure provides
many different embodiments or examples, for implementing
different features of various embodiments. Specific examples
of components and arrangements are described below to sim-
plify the present disclosure. An inventive concept may; how-
ever, be embodied in many different forms and should not be
construed as being limited to the embodiments set forth
herein. It will be apparent, however, that one or more embodi-
ments may be practiced without these specific details. Like
reference numerals in the drawings denote like elements.

In some embodiments, an operation of a first die in a
three-dimensional (3D) integrated circuit (IC) is simulated
based on an environment temperature, which is determined
based on an operational temperature of a second die in the
3DIC. In at least one embodiment, operations of different
circuit elements of the first die are simulated based on differ-
ent environment temperatures, which, in turn, are determined
based on different operational temperatures in different areas
of'the second die. As a result, it is possible to simulate opera-
tions of one or more dies in a 3DIC, while taking into con-
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2

sideration thermal effects from operations of one or more
other dies in the 3DIC. Compared to other approaches where
a single, constant environment temperature is assumed to be
presented across all dies of a 3DIC, the described simulation
approach in accordance with some embodiments is closer to
the real-life operation of the 3DIC and is, therefore, more
accurate.

FIG. 1 is a functional flow chart of at least a portion of a
semiconductor device design process 100 in accordance with
some embodiments. The design process 100 utilizes one or
more EDA tools for generating, optimizing and verifying a
design of a semiconductor device before manufacturing the
same device. The EDA tools, in some embodiments, are one
or more sets of executable instructions for execution by a
processor or controller or a programmed computer to perform
the indicated functionality.

At operation 110, a design of a semiconductor device is
provided by a circuit designer. In some embodiments, the
design of the semiconductor device includes a schematic, i.e.,
an electrical diagram, of the semiconductor device. In some
embodiments, the schematic is generated or provided in the
form of a schematic netlist.

At operation 120, a pre-layout simulation is performed on
the design to determine whether the design meets a predeter-
mined specification. If the design does not meet the predeter-
mined specification, the semiconductor device is redesigned.

At operation 130, a layout of the semiconductor device is
generated based on the design. The layout includes the physi-
cal positions of various circuit elements of the semiconductor
device as well as the physical positions of various intercon-
nects within and among the circuit elements. In some embodi-
ments, the layout is generated by a placement and routing
tool.

At operation 140, one or more verifications and/or checks
is/are performed. For example, a layout-versus-schematic
(LVS) check is performed to ensure that the generated layout
corresponds to the design. For another example, a design rule
check (DRC) is performed to ensure that the layout satisfies
certain manufacturing design rules, i.e., to ensure that the
semiconductor device can be manufactured. If one of the
checks fails, correction is made to at least one of the layout or
the design by returning the process to operation 110 and/or
operation 130.

At operation 150, a post-layout simulation is performed to
determine whether the layout meets a predetermined specifi-
cation. If the simulation result indicates that the layout does
not meet the predetermined specification, e.g., if there are
undesirable time delays, correction is made to at least one of
the layout or the design by returning the process to operation
110 and/or operation 130. Otherwise, the layout is passed to
manufacture at operation 160. In some embodiments, one or
more of the above-described operations are omitted. For
example, the pre-layout simulation at operation 120 or the
post-layout simulation at operation 150 is omitted in one or
more embodiments.

In some embodiments, the pre-layout simulation at opera-
tion 120 and/or the post-layout simulation at operation 150
is/are performed while taking into consideration one or more
adjustable and/or variable environment temperatures as
described herein. Other arrangements are within the scope of
various embodiments. For example, in at least one embodi-
ment, one or more simulations is/are performed during the IC
layout generation at operation 130. Such one or more simu-
lations are based on one or more adjustable and/or variable
environment temperatures as described herein.

FIG. 2 is a schematic, cross-sectional view of a semicon-
ductor device 200 in accordance with some embodiments.
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The semiconductor device 200 includes a 3D structure having
afirst die (also referred to as “substrate™) 210 and a second die
220 stacked one upon another. In some embodiments, at least
one of the first die 210 or second die 220 includes a plurality
of interconnected circuit elements (also referred to as
“instances”). A circuit element includes one or more active
elements and/or one or more passive elements. Examples of
active elements include, but are not limited to, transistors and
diodes. Examples of transistors include, but are not limited to,
metal oxide semiconductor field effect transistors (MOS-
FET), complementary metal oxide semiconductor (CMOS)
transistors, bipolar junction transistors (BJT), high voltage
transistors, high frequency transistors, p-channel and/or
n-channel field effect transistors (PFETs/NFETs), etc.), Fin-
FETs, planar MOS transistors with raised source/drains.
Examples of passive elements include, but are not limited to,
capacitors, inductors, fuses, and resistors. Interconnects
within or among the circuit elements include, but are not
limited to, vias, conductive pads, conductive patterns, con-
ductive redistribution lines (RDLs). In some embodiments,
the first die 210 or the second die 220 includes an interposer.
In at least one embodiment, the interposer includes one or
more active elements and is referred to as an active interposer.
In at least one embodiment, the interposer does not include
active elements and is referred to as a passive interposer.

The first die 210 has RDLs 212, 214, at least one through
substrate via (TSV) or inter layer via (ILV) 216, and a plural-
ity of conductive bumps 218. In some embodiments, RDLs
214, 224 and/or conductive bumps 218 are omitted, and the at
least one TSV or ILV 216 electrically connects conductive
lines (e.g., vias and/or metal layers) in the first die 210 and the
second die 220. The RDLs 212, 214 are arranged on opposite
sides of the first die 210 and are electrically connected to one
or more circuit elements in the first die 210. The at least one
TSV 216 extends through the first die 210 and electrically
connects at least one RDL among the RDLs 212 on one side
of'the first die 210 with at least one RDL. among the RDI.s 214
on the other side of the first die 210. The conductive bumps
218 are electrically connected to the RDLs 212, and define
electrical connection to outside circuitry. The second die 220
has RDLs 224, and a plurality of conductive bumps 228. The
RDLs 224 are arranged on a side of the second die 220 and are
electrically connected to one or more circuit elements in the
second die 220. The conductive bumps 228 electrically con-
nect the RDLs 214 of the first die 210 and the RDLs 224 of the
second die 220. An underfill material 230 is formed between
the first die 210 and the second die 220, and surrounds the
conductive bumps 228

In operation, circuit elements in the first die 210 and/or the
second die 220 generate heat. Due to the close proximity
between the first die 210 and the second die 220, the generated
heat is transferred from one die to the other and increase an
environment temperature in which the circuit elements of the
other die operate. The increased environment temperature, in
turn, affects other performances of the other die. For example,
the heat generated by the circuit elements in the first die 210
is transferred to the second die 220, and increases the envi-
ronment temperature in which the circuit elements of the
second die 220 operate. The increased environment tempera-
ture, in turn, affects other performances of the second die 220.
For example, resistances of conductors in the second die 220
rise with the rising environment temperature. The rising resis-
tance, in turn, increase voltage drops and/or time delays of
signals travelling along the conductors. Such increased volt-
age drop and/or time delays potentially result in signal deg-
radation and/or function faults in the second die 220. Simi-
larly, the heat generated in operation by the circuit elements
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of'the second die 220 potentially affects performances of the
first die 210. To minimize the risk of performance degradation
and/or function faults in the manufactured semiconductor
device, one or more embodiments provide an approach in
which an operation of one die is simulated while taking into
account thermal effects from operations of the other die. As a
result, it is possible to address potentially negative thermal
effects associated with real-life operations even when the
semiconductor device is being designed.

FIG. 3 is a flow chart of a method 300 for designing a
semiconductor device, in accordance with some embodi-
ments. In an example embodiment, the method 300 is per-
formed to design the semiconductor device 200 described
with respect to FIG. 2.

Atoperation 315, a first environment temperature for a first
die is determined based on an operational temperature of a
second die. For example, a first environment temperature for
the first die 210 is determined based on an operational tem-
perature of the second die 220. In at least one embodiment,
the operational temperature of the second die 220 is deter-
mined by simulating an operation of the second die 220. For
example, a set of input data (also referred to as “input vector™)
is inputted into a simulation tool (e.g., as described herein
with respect to FIG. 8) which performs a simulation of an
operation of the second die 220 in response to the set of input
data. The simulation tool generates one or more voltages,
currents and/or power signals at one or more circuit elements
in the second die 220. An operational temperature of the
second die 220 is determined based on the generated one or
more voltages, currents and/or power signals. In at least one
embodiment, the operational temperature of the second die
220 is determined by using a thermal model of the second die
220, for example, when a design of the second die 220 is
provided by an IC designer or an intellectual property (IP)
vendor. The thermal model outputs the operational tempera-
ture of the second die 220 in response to the set of input data.
In atleast one embodiment, the obtained operational tempera-
ture of the second die 220 is a single temperature for the
whole second die 220. In at least one embodiment, the
obtained operational temperature of the second die 220
includes several operational temperature values in various
areas of the second die 220, as described herein.

The first environment temperature for the first die 210 is
determined based on the obtained operational temperature of
the second die 220. For example, the first environment tem-
perature of the first die 210 is determined as a function of the
obtained operational temperature of the second die 220 and a
predetermined ambient temperature. In at least one embodi-
ment, the predetermined ambient temperature is a fixed tem-
perature value, e.g., 25° C., which is the typical room tem-
perature at which some semiconductor devices are designed
to operate. For semiconductor devices that are designed to
operate in a different environment, e.g., in an outdoor envi-
ronment, a different predetermined ambient temperature cor-
responding to that environment is selected in at least one
embodiment. In some embodiments, the following tempera-
ture function (1) is used to calculate the environment tem-
perature for the first die 210:

Templ=(Ratio ,*T ,)+(Ratio,*75) (€8]

where Temp1 is the environment temperature of the first die
210, T, is the predetermined ambient temperature, T, is the
obtained operational temperature of the second die 220, and
Ratio, and Ratio, are predetermined ratios. The ratios are
selected according to one or more characteristics of the semi-
conductor device 200. Example characteristics include, but
are not limited to, applications, manufacturing processes and
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materials of the semiconductor devices being designed. In an
example, the ratio Ratio, is selected depending on an appli-
cation of the second die 220, e.g., the Ratio, is lower if the
second die 220 is a dynamic random-access memory
(DRAM) and the Ratio, is higher if the second die 220 is a
graphics processing unit (GPU). A reason is that a GPU
generates heat more extensively than a DRAM, and has
greater thermal effects than a DRAM on the first die 210,
which is, for example a central processing unit (CPU). In
another example, a process or material used for manufactur-
ing the semiconductor device 200, such as silicon on insulator
(SOI), or high K metal gate (HKMG), is also a consideration
for selecting the ratios. A reason is that such a process or
material affects the semiconductor device’s thermal sensitiv-
ity and/or heat transfer between the dies of the semiconductor
device. In some embodiments, the ratios are empirically
determined based on previously designed and/or manufac-
tured semiconductor devices, and stored in a database for
subsequent uses. Other temperature functions for calculating
the environment temperature for the first die 210 from the
operational temperature of the second die 220 are within the
scope of various embodiments.

At operation 325, an operation of at least one first circuit
element in the first die is simulated based on the first environ-
ment temperature. For example, an input vector is inputted
into the simulation tool which performs a simulation of an
operation of at least one circuit element of the first die 210 in
response to the set of input data and the environment tem-
perature determined in operation 315. The simulation results
describe the behavior (or performance) of the at least one
circuit element of the first die 210 when operating at the
determined environment temperature. In at least one embodi-
ment, when the obtained operational temperature of the sec-
ond die 220 is a single temperature for the whole second die
220, the environment temperature for the first die 210 is a
single environment temperature used for simulating various
circuit elements on the first die 210. In at least one embodi-
ment, when the obtained operational temperature of the sec-
ond die 220 includes several operational temperature values
in various areas of the second die 220, several environment
temperatures are calculated and used for simulating different
circuit elements of the first die 210.

Compared to other approaches where an environment tem-
perature is not a consideration in simulating operations of one
or more dies in a 3DIC or where a single global environment
temperature is used across all dies in the 3DIC, the simulation
approach described herein with respect to some embodiments
is more accurate. For example, if a predetermined ambient
temperature (e.g., 25° C.) is directly used as the environment
temperature for simulating the first die 210, the simulation
results are far from accurately describing the thermal condi-
tion the first die 210 will be subjected to in real life operation
of the semiconductor device 200. By taking into account the
operational temperature of the second die 220 in the calcula-
tion of the environment temperature for the first die 210, the
thermal condition under which the first die 210 is simulated is
brought closer to the real-life condition. As a result, it is
possible in some embodiments, to address potentially nega-
tive thermal influences among the dies of a 3DIC, which
would otherwise be unlikely discovered by the other
approaches.

FIG. 4A is a schematic, perspective view of a semiconduc-
tor device 400A, showing an approach to update one or more
environment temperatures for simulation purposes, in accor-
dance with some embodiments. The semiconductor 400A
comprises a first die 410 and a second die 420 stacked one
upon another. In at least one amendment, the first die 410 and
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second die 420 correspond to the first die 210 and second die
220 described with respect to FIG. 2.

In at least one embodiment, the approach described with
respect to FIG. 4A is applicable to operation 315 described
with respect to FIG. 3. Specifically, one or more environment
temperatures for simulating operations of one or more circuit
elements in the first die 410 are determined based on one or
more operational temperatures of the second die 420. The
second die 420 includes a plurality of areas. In the specific
example of FIG. 4A, the second die 420 includes sixteen areas
arranged in a 4x4 grid. Some of the sixteen areas are denoted
as 4211, 4212, 4213, 4221, 4231 in FIG. 4A, the other areas
are not denoted to simplify the drawing. Other arrangements
of areas in the second die 420 are within the scope of various
embodiments. In an example, one or more embodiments use
different grid sizes, e.g., 2x2, 3x3, 5x5, etc. In a further
example, one or more embodiments use a different type of
grid, such as a ring type grid.

In some situations, the operational temperature of the sec-
ond die 420 varies from one area to another area. For example,
a first area 4213 includes a higher density of active elements
than a second area 4231, and in operation, generates a higher
amount of heat than the second area 4231. As a result, the
operational temperature of the second die 420 is higher in the
first area 4213 than in the second area 4231. The plurality of
operational temperatures in the corresponding areas define an
operational temperature profile of the second die 420 which is
used to determine one or more environment temperatures for
simulating operations of one or more circuit elements in the
first die 410.

In some embodiments, the environment temperature for
simulating the operation of a circuit element in the first die
410 is determined based on the operational temperature of the
second die 420 in an area which corresponds to a location of
the circuit element in the first die 410. In the specific example
in FIG. 4A, the first die 410 includes a plurality of circuit
elements two of which are denoted in FIG. 4A as a first circuit
element 412 and a second circuit element 414. The environ-
ment temperature for simulating the operation of the first
circuit element 412 in the first die 410 is determined based on
the operational temperature of the second die 420 in the first
area 4213 which corresponds to the first circuit element 412.
Similarly, the environment temperature for simulating the
operation of the second circuit element 414 in the first die 410
is determined based on the operational temperature of the
second die 420 in the second area 4231 which corresponds to
the second circuit element 414. In at least one embodiment,
the same temperature function is used to calculate the envi-
ronment temperatures for whole first die 410, including the
first circuit element 412 and the second circuit element 414.
Because the operational temperatures of the second die 420
differ in the first area 4213 and the second area 4231, the
corresponding environment temperatures for simulating the
first circuit element 412 and the second circuit element 414
also differ. As a result, in is possible in one or more embodi-
ments to obtain simulation results that accurately describe
different thermal effects the second die 420 has on the first die
410 in different regions.

In at least one embodiment, an area of the second die 420 is
determined as corresponding to a circuit element of the first
die 410 based on the location of the circuit element in the
cutoff piece 40. For example, the first area 4213 of the second
die 420 is determined as corresponding to the first circuit
element 412 of the first die 410 based on the location of the
first circuit element 412 in the first die 410.

In some embodiments, for a post-layout simulation as
described with respect to operation 150 in FIG. 1, the loca-
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tion, e.g., coordinates, of the first circuit element 412 is
extracted from the layout of the semiconductor device, e.g.,
by an LVS tool. A corresponding location 422 in the second
die 420 having the same coordinates as the first circuit ele-
ment 412 is determined. In the specific example in FIG. 4A,
the corresponding location 422 is an intersection of a plane of
the second die 420 with a normal line 416 passing through the
first circuit element 412. Similarly, a corresponding location
424 in the second die 420 having the same coordinates as the
second circuit element 414 is determined and shown in the
specific example in FIG. 4A as an intersection of the plane of
the second die 420 with a normal line 418 passing through the
second circuit element 414. Because the corresponding loca-
tions 422, 424 are within the first area 421 and the second area
4231, the first area 4213 is determined as corresponding to the
first circuit element 412, and the second area 4231 is deter-
mined as corresponding to the second circuit element 414.

In some embodiments, for a pre-layout simulation 120 as
described with respect to operation 120 in FIG. 1, because a
layout of the semiconductor device is not yet generated, the
locations of the first circuit element 412 is estimated by par-
titioning the design by function block or floor plan. The
location of the function block containing the first circuit ele-
ment 412 is considered as the estimated location of the first
circuit element 412. The corresponding area in the second die
420 is determined based on the estimated location of the first
circuit element 412 as described herein. The described tech-
nique is applicable to the second circuit element 414 and other
circuit elements of the first die 410.

As described herein, in some situation, the operational
temperature of the second die 420 is not uniform across the
second die 420. Such a non-uniform distribution of the opera-
tional temperature of the second die 420 has a non-uniform
thermal effect on the environment temperatures of various
circuit elements at different locations of the first die 410. By
determining the environment temperatures for different cir-
cuit elements of the first die 410 based on different opera-
tional temperatures in corresponding different areas of the
second die 420 in accordance with some embodiments, it is
possible to take into account not only the operational tem-
perature of the second die 420, but also the non-uniform
distribution of the operational temperature across the second
die 420. As aresult, it is possible in one or more embodiments
to further improve the simulation accuracy.

FIG. 4B is a schematic, perspective view of a semiconduc-
tor device 400B, showing an approach to update one or more
environment temperatures for simulation purposes, in accor-
dance with some embodiments. Identical elements in the
semiconductor devices 400A and 400B are denoted in FIGS.
4A and 4B by identical reference numerals.

In at least one embodiment, the approach described with
respect to FIG. 4B is applicable to operation 315 described
with respect to FIG. 3. This approach considers not only
thermal effects from the operation of the second die 420 on
the environment temperature for simulating the first die 410,
but also the reverse, i.e., thermal effects from the operation of
the first die 410 on the environment temperature for simulat-
ing the second die 420. For example, an operational tempera-
ture profile of the first die 410 is obtained, e.g., by simulating
operations of the first die 410 as described herein. The opera-
tional temperature profile of the first die 410 includes various
operational temperatures of the first die 410 in various corre-
sponding areas. In the specific example shown in FIG. 4B, the
first die 410 includes four areas 4111, 4112, 4121, 4122
arranged in a 2x2 grid. Other arrangements of areas in the first
die 410 are within the scope of various embodiments.
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An environment temperature for simulating an operation of
a circuit element 426 in the second die 420 is determined
based on the operational temperature in the corresponding
area 4111 of the first die 410, as described herein. For
example, the location of the circuit element 426 in the second
die 420 is extracted, a corresponding location 419 in the first
die 410 is identified, and the area 4111 containing the corre-
sponding location 419 is determined as corresponding to the
circuit element 426, similar to the manner described with
respect to FIG. 4A. The operational temperature of the first
die 410 in the area 4111 is used in a temperature function to
calculate the environment temperature for the circuit element
426 and an operation of the circuit element 426 is simulated
based on the calculated environment temperature, as
described with respect to FIG. 3. In at least one embodiment,
the temperature function for calculating the environment tem-
perature of the first die 410 from the operational temperature
of'the second die 420 is different from the temperature func-
tion for calculating the environment temperature of the sec-
ond die 420 from the operational temperature of the first die
410. For example, different ratios Ratio, are used in the tem-
perature functions.

In some embodiments, the results from the simulation of
the second die 420, including the operational temperature
profile of the second die 420, are used for updating the envi-
ronment temperature for simulating the first die 410 in the
same simulation in response to the same input vector. Such a
process is referred to as co-simulation. In some embodiments,
the results from the simulation of the second die 420, includ-
ing the operational temperature profile of the second die 420,
are used for updating the environment temperature for simu-
lating the first die 410 in a future simulation in response to a
different input vector. As described herein, by considering the
thermal effect of the operation of one die with respect to the
environment temperature for simulating the other die, and
vice versa, it is possible in one or more embodiments to
further improve the simulation accuracy.

FIG. 5 is a schematic, perspective view of a semiconductor
device 500, showing an approach to update one or more
environment temperatures for simulation purposes, in accor-
dance with some embodiments. The semiconductor 500 com-
prises a first die 510, a second die 520, and third die 530
stacked one upon another, with the third die 530 sandwiched
between the first die 510 and the second die 520. In the
specific example in FIG. 5, the first die 510 has a first opera-
tional temperature profile including a plurality of operational
temperatures in sixteen corresponding areas arranged in a
4x4 grid. Some of the sixteen areas are denoted as 5111, 5112,
5113, 5114, 5124, 5134 in FIG. 5, the other areas are not
denoted to simplify the drawing. The second die 520 has a
second operational temperature profile including a plurality
of operational temperatures in nine corresponding areas
arranged in a 3x3 grid. Some of the nine areas are denoted as
5211, 5212, 5213, 5223 in FIG. 5, the other areas are not
denoted to simplify the drawing. The third die 530 has a third
operational temperature profile including a plurality of opera-
tional temperatures in four corresponding areas 5211, 5311,
5312,5321, 5322 arranged in a 2x2 grid. Other arrangements
of'the areas of one or more of the dies 510, 520, 530 are within
the scope of various embodiments. In one or more embodi-
ments, the semiconductor device 500 includes more than
three dies stacked one upon another.

In some embodiments, the environment temperature for
simulating one die is determined based on the operational
temperatures of two or more other dies. For example, the
environment temperature for simulating the circuit element
552 of the third die 530 is determined based on the operational
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temperature T,, of the first die 510 in the area 5114 corre-
sponding to the circuit element 552. The environment tem-
perature for simulating the circuit element 552 is also deter-
mined based on the operational temperature T, of the second
die 520 in the area 5213 corresponding to the circuit element
552. The area 5114 and area 5213 are determined as corre-
sponding to the circuit element 552 in a manner similar to that
described with respect to FIG. 4A. In some embodiments, the
following temperature function (2) is used to calculate the
environment temperature for the third die 530:

Temp=(Ratio ,*T ;)+(Ratio,*T;)+(Ratio; *T}) 2)

where Temp is the environment temperature for simulating a
circuit element of the third die 530, T , is the predetermined
ambient temperature, T,,and T; are the obtained operational
temperatures of the first die 510 and the second die 520 in the
areas corresponding to the circuit element to be simulated,
and Ratio 4, Ratio,, and Ratio; are predetermined ratios. The
ratios are selected according to one or more characteristics of
the semiconductor device 500 as described with respect to
semiconductor device 200. In one example, the first die 510 is
a DRAM, the second die 520 is a GPU, the third die 530 is a
CPU, T,=25° C., Ratio,=1.0, T,=80° C., Ratio,~0.2,
T,=40°C., and Ratio,=0.3. The calculated environment tem-
perature Temp for simulating the circuit element of the third
die 530 is 53° C. which is significantly higher than the ambi-
ent temperature of 25° C., and reflects a real-life thermal
condition under which the third die 530 is to be operated.

In one or more embodiments, the environment temperature
for simulating one die is calculated based on operational
temperatures of immediately adjacent dies. For example, the
environment temperature for simulating the third die 530 is
calculated based on operational temperatures of the first die
510 and second die 520 which are immediately adjacent the
third die 530. However, it is possible in one or more embodi-
ments to consider operational temperatures of a die not imme-
diately adjacent the die to be simulated. For example, the
environment temperature of a circuit element 554 of the sec-
ond die 520 is determined based not only on the operational
temperature T, in the corresponding area 5312 of the imme-
diately adjacent third die 530, but also on the operational
temperature T, in the corresponding area 5113 of the more
distant first die 510. A similar temperature function to the
temperature function (2) is used, with one or more different
ratios. In at least one embodiment, this approach is utilized
when the distant die, e.g., the first die 510, generates a high
amount of heat in operation, e.g., when the first die 510 is a
CPU.

In one or more embodiments, the environment temperature
for simulating one die is calculated based on operational
temperatures of all other dies. For example, the environment
temperature for simulating the third die 530 is calculated
based on operational temperatures of the other dies in the
semiconductor device 500, i.e., the first die 510 and second
die 520. However, it is possible in one or more embodiments
to omit one or more dies from the environment temperature
calculation. For example, the environment temperature for
simulating a circuit element 556 of the first die 510 is deter-
mined based on the operational temperature T, ; in the corre-
sponding area 5322 of the third die 530, without considering
operational temperatures of the second die 520. A similar
temperature function to the temperature function (1)
described with respect to FIGS. 2-3 is used. In another
example, the environment temperature for simulating a cir-
cuitelement 558 of the first die 510 is determined based on the
operational temperature T, in the corresponding area 5211
of the second die 520, without considering operational tem-
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10
peratures of the third die 530 even though the third die 530 is
closer to the first die 510 than the second die 520. In at least
one embodiment, this approach is utilized when the omitted
die is a passive interposer which is not a significant heat
source in operation.

In one or more embodiments, the operational temperature
of'one die is used to determine the environment temperature
for simulating another die and vice versa, as described with
respect to FIG. 4B. For example, the environment tempera-
ture for simulating a circuit element 560 of the third die 530
is determined based on the operational temperature T, , in the
corresponding area 5211 of the second die 520, whereas the
environment temperature for simulating a circuit element 562
of'the second die 520 is determined based on the operational
temperature T, in the corresponding area 5322 of the third
die 530.

FIG. 6 is flow chart of a method 600 of designing a semi-
conductor device, in accordance with some embodiments. In
at least one embodiment, the method 600 is performed to
design the semiconductor device 500 described with respect
to FIG. 5.

At operation 605, first and second operational temperature
profiles of first and second dies are obtained. For example, the
first and second operational temperature profiles of the first
die 510 and second die 520 are obtained, as described with
respect to FIGS. 7A-7F. The obtained first and second opera-
tional temperature profiles provide information on various
operational temperatures of the first die 510 and second die
520 in corresponding areas of the first die 510 and second die
520.

At operation 615, first and second areas of the first and
second dies corresponding to a circuit element of a third die
are determined. For example, the first area 5114 of the first die
510 and the second area 5213 of the second die 520 which
correspond to the circuit element 552 of the third die 530 are
determined as described with respect to FIGS. 4A and 5.

At operation 625, the environment temperature of the cir-
cuit element is updated. For example, the environment tem-
perature of the circuit element 552 is updated based on the
operational temperatures in the corresponding areas, as
described with respect to FIG. 5.

At operation 635, an operation of the circuit element is
simulated using the updated environment temperature. For
example, the operation of the circuit element 552 is simulated
as described with respect to FIGS. 2-3.

FIGS. 7A-7F are schematic plan views of various dies,
showing various approaches to obtain operational tempera-
ture profiles for simulation purposes, in accordance with
some embodiments. In an example, an operation of a die 701
is simulated and a distribution of operational temperatures of
the die 701 is obtained as shown in FIG. 7A. Alternatively, a
thermal model of the die 701 is used to calculate the distri-
bution of operational temperatures of the die 701. The
obtained distribution of operational temperatures is shown in
FIG. 7A in the form of a heat map. The distribution of opera-
tional temperatures in FIG. 7A shows temperature variations
in various directions. For example, the temperature in the
distribution of FIG. 7A varies in both the X-direction and
Y-direction.

In at least one embodiment, to accurately describe signifi-
cant variations of the operational temperatures the die 701, a
grid of a small grid size is used to generate the operational
temperature profile. For example, as shown in FIG. 7B, a 4x4
grid is used to generate the operational temperature profile for
the die 701. For each area (or cell) of the grid, an operational
temperature to be included in the operational temperature
profile is derived from the operational temperatures of vari-
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ous circuit elements in the area. For example, an area 711 of
the grid shown in FIG. 7B includes a plurality of circuit
elements having various operational temperatures which are
averaged to obtain an operational temperature to be included
in the operational temperature profile for the area 711. Opera-
tional temperatures for the other areas of the grid are obtained
similarly. The obtained operational temperature profile is
shown in FIG. 7C as including sixteen areas with sixteen
operational temperatures derived from the operational tem-
peratures of various circuit elements in the corresponding
areas.

In a further example, a distribution of operational tempera-
tures of a die 721 is obtained as shown in FIG. 7D. The
distribution of operational temperatures in FIG. 7D is more
uniform than the one shown in FIG. 7A, especially in the
X-direction. In at least one embodiment, a grid of a larger grid
size than that used for FIG. 7A is used to generate the opera-
tional temperature profile for the die 721. For example, as
shown in FIG. 7E, a 2x2 grid is used. For each area (or cell) of
the grid, an operational temperature to be included in the
operational temperature profile is derived from the opera-
tional temperatures of various circuit elements in the area, as
described with respect to FIGS. 7A-7C. For example, an area
723 ofthe grid shown in FIG. 7B includes a plurality of circuit
elements having various operational temperatures which are
averaged to obtain an operational temperature to be included
in the operational temperature profile for the area 723. Opera-
tional temperatures for the other areas of the grid are obtained
similarly. The obtained operational temperature profile is
shown in FIG. 7F.

As the grid size is reduced, the accuracy is increased but so
is the amount of calculation. In some embodiments, the selec-
tion of the grid size for determining an operational tempera-
ture profile of a die depends on one or more factors, including,
but not limited to, the operational temperature distribution of
the die, the intended accuracy of, and the available computa-
tional resources.

FIG. 8 is a schematic, block diagram of a system 800 for
designing a semiconductor device, in accordance with some
embodiments. In at least one embodiment, the system 800 is
configured to design the semiconductor device 500 described
with respect to FIG. 5. In some embodiments, the system 800
is configured to perform one or more operations described
with respect to FIG. 1. The system 800 includes a simulation
tool 810 which receives a design undertest, i.e., a first die 811,
a second die 812 and a third die 813. The dies 811, 812, 813
are configured to be stacked one upon anotherto forma 3DIC.
In at least one embodiment, one or more of the dies 811, 812,
813, e.g., the first die 811, are provided with a simulation
model 821 and a thermal model 831. In at least one embodi-
ment, the dies 811, 812, 813 correspond to the first die 510,
second die 520 and third die 530 described with respect to
FIG. 5.

The simulation tool 810 further receives a series of input
vectors IV1, IV2, IV3 .. . IVn sequentially inputted into the
simulation tool 810. The simulation tool 810 is configured to
perform a series of simulations of operations of one or more
dies 811, 812, 813 in response to the corresponding input
vectors. For example, when the input vector IV1 is inputted
into the simulation tool 810, the simulation tool 810 runs a
simulation of operations of the dies 811, 812, 813 in response
to the input vector [V1, and outputs the simulation results for
evaluation. Then, the next input vector IV2 is inputted into the
simulation tool 810, the simulation tool 810 runs another
simulation of operations of the dies 811, 812, 813 in response
to the input vector [V2, and outputs the simulation results for
evaluation. The process repeats until a simulation in response
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to the last input vector IVn has been complete. In some
embodiments, the simulation tool 810’s calculation of simu-
lation results by using a simulation model 821 is also consid-
ered a simulation.

In some embodiments, the simulation tool 810 is config-
ured to adjust, for at least one simulation in the series of
simulations, at least one environment temperature for simu-
lating one die based on an operational temperature profile of
another die. For example, a predetermined ambient tempera-
tureis used as the environment temperature for simulating the
dies 811, 812, 813 in response to the input vector IV1. Based
on the simulation and/or by consulting a thermal model such
as the thermal model 831, operational temperature profiles of
the dies are obtained, as described with respect to FIGS.
7A-7F. Environment temperatures for simulating at least one
die, e.g., the third die 813, are updated based on the opera-
tional temperature profile of at least another die, e.g., the first
die 811 and second die 812, as described with respect to
FIGS. 2-5. The updated environment temperatures are used
for simulating the third die 813 in the same simulation respon-
sive to the input vector IV1, or in a subsequent simulation
responsive to another input vector, such as input vector IV2.

In at least one embodiment, the simulation tool 810 is
configured to vary an updating frequency for updating the
environment temperatures. As the updating frequency is
increased, the simulation accuracy is also increased. In at
least one embodiment, the environment temperatures are
updated at every simulation. In one or more embodiments, the
environment temperatures are updated after a predetermined
number of, e.g., 3, simulations. In some embodiments, the
updating frequency for one die is different from the updating
frequency for another die.

In at least one embodiment, the simulation tool 810
includes a memory 820 storing a plurality of different tem-
perature functions A, B, for calculating the environment tem-
peratures. The simulation tool 810 is configured to select, in
accordance with at least one characteristic of the 3DIC, one or
more temperature functions to adjust the at least one environ-
ment temperature, as described herein with respect to FIGS.
2-3.

In at least one embodiment, the simulation tool 810 is
configured to vary a grid size of the operational temperature
profiles of one or more dies 811, 812, 813, as described with
respect to FIGS. 7A-7F. As the grid size is reduced, the
simulation accuracy is increased.

FIG. 9 is a block diagram of a computer system 900 in
accordance with some embodiments. One or more of the tools
and/or engines and/or systems and/or operations described
with respect to FIGS. 1-8 is realized in some embodiments by
one or more computer systems 900 of FIG. 9. The system 900
comprises at least one processor 901, a memory 902, a net-
work interface (I/F) 906, a storage 910, an input/output (I/O)
device 908 communicatively coupled via a bus 904 or other
interconnection communication mechanism.

The memory 902 comprises, in some embodiments, a ran-
dom access memory (RAM) and/or other dynamic storage
device and/or read only memory (ROM) and/or other static
storage device, coupled to the bus 904 for storing data and/or
instructions to be executed by the processor 901, e.g., kernel
914, userspace 916, portions of the kernel and/or the user-
space, and components thereof. The memory 902 is also used,
in some embodiments, for storing temporary variables or
other intermediate information during execution of instruc-
tions to be executed by the processor 901.

In some embodiments, a storage device 910, such as a
magnetic disk or optical disk, is coupled to the bus 904 for
storing data and/or instructions, e.g., kernel 914, userspace
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916, etc. The 1/0 device 908 comprises an input device, an
output device and/or a combined input/output device for
enabling user interaction with the system 900. An input
device comprises, for example, a keyboard, keypad, mouse,
trackball, trackpad, and/or cursor direction keys for commu-
nicating information and commands to the processor 901. An
output device comprises, for example, a display, a printer, a
voice synthesizer, etc. for communicating information to a
user.

In some embodiments, one or more operations and/or func-
tionality of the tools and/or engines and/or systems described
with respect to FIGS. 1-8 are realized by the processor 901,
which is programmed for performing such operations and/or
functionality. In some embodiments, the processor 901 is
configured as specifically configured hardware (e.g., one or
more application specific integrated circuits (ASICs)). One or
more of the memory 902, the I/F 906, the storage 910, the [/O
device 908, the hardware components 918, and the bus 904
is/are operable to receive instructions, data, design con-
straints, design rules, netlists, layouts, models and/or other
parameters for processing by the processor 901.

In some embodiments, the operations and/or functionality
are realized as functions of a program stored in a non-transi-
tory computer readable recording medium. Examples of a
non-transitory computer readable recording medium include,
but are not limited to, external/removable and/or internal/
built-in storage or memory unit, e.g., one or more of an optical
disk, such as a DVD, a magnetic disk, such as a hard disk, a
semiconductor memory, such as a ROM, a RAM, a memory
card, and the like.

The above methods include example operations, but they
are not necessarily required to be performed in the order
shown. Operations may be added, replaced, changed order,
and/or eliminated as appropriate, in accordance with the spirit
and scope of embodiments of the disclosure. Embodiments
that combine different features and/or different embodiments
are within the scope of the disclosure and will be apparent to
those of ordinary skill in the art after reviewing this disclo-
sure.

According to some embodiments, a method of designing a
semiconductor device is performed by at least one processor.
In the method, a first environment temperature for a first
substrate is determined based on an operational temperature
of a second substrate, the first and second substrates stacked
one upon another in the semiconductor device. An operation
of at least one first circuit element in the first substrate is
simulated based on the first environment temperature.

According to some embodiments, a system for designing a
three-dimensional (3D) integrated circuit (IC) comprising at
least one processor configured to perform a series of simula-
tions of operations of a first die of the 3DIC in response to a
corresponding series of input vectors and at least one envi-
ronment temperature, and adjust, for at least one simulation in
the series of simulations, the at least one environment tem-
perature based on an operational temperature profile of a
second die of the 3DIC.

According to some embodiments, a computer program
product comprises a non-transitory, computer-readable
medium containing therein instructions which, when
executed by at least one processor, cause the at least one
processor to perform one or more operations. In the one or
more operations, a first operational temperature profile of a
first die of a three-dimensional (3D) integrated circuit (IC) is
obtained, the first operational temperature profile comprising
a plurality of first operational temperatures in a plurality of
corresponding first areas of the first die. A second operational
temperature profile of a second die of the 3DIC is obtained,
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the second operational temperature profile comprising a plu-
rality of second operational temperatures in a plurality of
corresponding second areas of the second die. For at least one
circuit element of a third die of the 3DIC, a corresponding first
area among the plurality of first areas of the first die is deter-
mined, the third die sandwiched between the first and second
dies. For the at least one circuit element of the third die, a
corresponding second area among the plurality of second
areas of the second die is determined. For the at least one
circuit element of the third die, an environment temperature is
determined based on the first operational temperature in the
corresponding first area of the first die and the second opera-
tional temperature in the corresponding second area of the
second die. An operation of the at least one circuit element of
the third die is simulated based on the environment tempera-
ture.

It will be readily seen by one of ordinary skill in the art that
one or more of the disclosed embodiments fulfill one or more
of'the advantages set forth above. After reading the foregoing
specification, one of ordinary skill will be able to affect vari-
ous changes, substitutions of equivalents and various other
embodiments as broadly disclosed herein. It is therefore
intended that the protection granted hereon be limited only by
the definition contained in the appended claims and equiva-
lents thereof.

What is claimed is:

1. A method of making a semiconductor device, the method
comprising:

determining a first environment temperature for a first sub-

strate based on an operational temperature of a second
substrate, the first and second substrates stacked one
upon another in the semiconductor device;

simulating an operation of at least one first circuit element

in the first substrate based on the first environment tem-
perature; and

manufacturing the semiconductor device.

2. The method of claim 1, wherein, in said determining, the
first environment temperature for the first substrate is calcu-
lated as a function of the operational temperature of the sec-
ond substrate and a predetermined ambient temperature.

3. The method of claim 1, wherein, in said determining, the
first environment temperature for simulating the operation of
the at least one first circuit element is determined based on the
operational temperature of the second substrate in an area of
the second substrate, the area corresponding to a location of
the at least one first circuit element in the first substrate.

4. The method of claim 1, further comprising:

determining an operational temperature of the first sub-

strate from said simulating;

determining a second environment temperature for the sec-

ond substrate based on the operational temperature of
the first substrate; and

simulating an operation of at least one second circuit ele-

ment in the second substrate based on the second envi-
ronment temperature.

5. The method of claim 4, wherein

the second environment temperature for simulating the

operation of the at least one second circuit element is
determined based on the operational temperature of the
first substrate in a first area of the first substrate, the first
area corresponding to a location of the at least one sec-
ond circuit element in the second substrate; and

the first environment temperature for simulating the opera-

tion of the at least one first circuit element is determined
based on the operational temperature of the second sub-
strate in a second area of the second substrate, the second
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area corresponding to a location of the at least one first
circuit element in the first substrate.

6. The method of claim 1, further comprising:

simulating an operation of at least one second circuit ele-

ment in the second substrate to obtain the operational
temperature of the second substrate.

7. The method of claim 1, further comprising:

determining, using a thermal model of the second sub-

strate, the operational temperature of the second sub-
strate.

8. The method of claim 1, wherein, in said determining, the
first environment temperature for the first substrate is deter-
mined based on the operational temperature of the second
substrate and an operational temperature of a third substrate,
the first, second and third substrates stacked one upon another
in the semiconductor device.

9. The method of claim 8, wherein, in said determining, the
first environment temperature for the first substrate is calcu-
lated as a function of the operational temperature of the sec-
ond substrate, the operational temperature of the third sub-
strate and a predetermined ambient temperature.

10. The method of claim 8, wherein the first environment
temperature for simulating the operation of the at least one
first circuit element is determined based on:
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the operational temperature of the second substrate in an
area of the second substrate corresponding to a location
of the at least one first circuit element in the first sub-
strate, and

the operational temperature of the third substrate in an area
of'the third substrate corresponding to the location ofthe
at least one first circuit element in the first substrate.

11. The method of claim 1, wherein

the second substrate has different operational temperatures
in corresponding different areas,

the first substrate has different first circuit elements at
locations corresponding to the different areas of the
second substrate,

said determining comprises determining different first
environment temperatures for the different first circuit
elements based on the different operational tempera-
tures in the corresponding different areas of the second
substrate, and

said simulating comprises simulating operations of the
different first circuit elements based on the correspond-
ing different first environment temperatures.
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